Background
Introduction
Tuberculosis (TB) remains a major cause of death and disease in low and middle-income countries (LMIC). The World Health Organization (WHO) attributed 1.3 million deaths and 8.6 million new cases to TB in 2012 [1] . India accounts for the highest burden of TB in the world. In 2012, it had an estimated 2.2 million incident cases [1] . TB cases are not distributed evenly across the Indian population; TB prevalence is over 5 times higher in the poorest wealth quintiles than in the richest [2] . India also suffers from widespread undernutrition; 17% of the population is undernourished [3] and India is ranked 63 th out of 78 countries on the 2013 Global Hunger Index, an indicator that combines undernourishment in the general population, child underweight and child morality [4] . Under-nutrition indicators such as stunting in children are also not equally distributed across the country, and are consistently higher in the more impoverished interior Northern and Central states of India [5] .
Previous studies have demonstrated a strong inverse relationship between body mass index (BMI) and TB risk [6] . For example, one recent study that followed health outcomes of a large US population cohort found that those who initially had a BMI of less than 18.5 kg/m 2 had more than 12 times the hazard of developing TB over the subsequent 20 years compared to those with a normal BMI [7] . Given that 870 million of the 7.1 billion people in the world are chronically under-nourished [3] , these data suggest that under-nutrition is a proximal cause of a substantial fraction of the burden of TB in the world [8] . In 2010, the population attributable fraction (PAF) of TB for under-nutrition for the 22 high TB burden countries was estimated to be 27%, higher than the PAF of 16% of HIV for TB [9] . Evidence from many countries suggests that under-nutrition cannot simply be addressed through improved economic productivity [10] , and that direct investment in health and health related programs are an important part of the solution in countries like India [11] . In the last decade, a movement to address under-nutrition has gained momentum at both an international and a national level through the implementation and scale up of nutrition specific interventions and nutrition sensitive approaches. Initiatives such as the Scaling Up Nutrition (SUN) [12] movement have galvanized global efforts against under-nutrition [13] . Tackling under-nutrition is now a high priority on the global health agenda [13] . For example, Millennium Development Goal (MDG) 1c is to halve, between 1990 and 2015, the proportion of people who suffer from hunger [14] . Many LMIC are on track to reach this target; the proportion of undernourished people in developing regions decreased from 23.2% to 14.9% between 1990 and 2012 [15] . The impact of improving nutritional status among the world's poor is likely to be far-reaching and one expected effect will be a reduction in TB incidence and TB related mortality. The objective of this study was to predict future trends in TB related outcomes under different scenarios for reducing under-nutrition and increasing BMI, in the general adult population in the poorest states of India.
Dynamic TB model
We used a deterministic dynamic SLIR ("Susceptible-Latent-Infectious-Recovered") model similar to those described elsewhere [19] to predict the impact of reducing under-nutrition on future trends of TB (See S1 File and Fig A in S1 File) . We based model parameters on previous epidemiological studies on the natural history of tuberculosis and low BMI, and on demographic parameters specific to India. The transmission parameter was calibrated to trends in reported TB incidence in India which were derived from State specific TB prevalence data in 2005 [16] , and time trends from national data, as reported by the WHO [20] . We introduced under-nutrition into the model by stratifying the model population into four exposure levels defined by the mean BMI for each quartile as reported in 2005-6 DHS [16] (See Fig B in S1  File) . We subsequently allowed the proportion of the population in each stratum to vary over time in order to represent different scenarios of reduced under-nutrition.
Data sources and Model calibration
We first fit a fixed transmission parameter calibrated to the equilibrium TB incidence reported by the WHO for the years 1990 to 2000 and then allowed this parameter to decline linearly between the years 2000 and 2010 to correspond to the reported decline in TB incidence during this period. We assumed that incidence will continue to decline at this rate until 2030.
The effective reproduction number is a function not only of the transmissibility of the organism but also of the average time period during which TB patients are infectious. This period reflects both case detection rates and treatment outcomes including death and treatment failure. Data on the rates of TB-specific mortality and treatment failure in the public sector came from the 2013 WHO Global TB Report. However, because almost 50% of TB cases in India are reported to be detected and treated within the private sector [21] , we used published reports on TB outcomes in the private sector to calculate weighted averages for the case detection rate and the proportion of cases completing treatment [20] [22] . We based our estimates of the total population for the region on the 2011 India census [23] and modeled projected population growth between 2010 and 2030 using estimates from the United Nations [24] . All model parameters are shown in Tables 1 and 2 . We applied the calibrated model to estimate future TB incidence and mortality under different scenarios of reduced under-nutrition.
Data sources for risk-factor effect sizes
Current data suggests that low BMI increases the risk of reactivation and progression to active disease from latent infection but does not alter susceptibility to TB infection among those exposed. Lonnroth et al. reported a consistent inverse log linear relationship between BMI and TB incidence for BMIs that ranged between 18.5 kg/m 2 and 30 kg/m 2 [6] . We used data from the six studies reviewed in Lonnroth et al. to create a prediction model for the association between TB incidence and BMI after replacing the data from one unpublished data set with a more recent published version of the data [7] . We restricted the analysis to data points for BMIs < = 27 kg/m 2 because the mean BMI in the highest quartile in our population was only 25 kg/m 2 . We fit and compared two separate models for this association. First, we regressed log-transformed TB incidence on BMI and included an indicator variable to account for different TB incidence values at baseline BMI in studies from different populations. Second, we used a penalized spline for BMI in the regression, choosing the smoothing parameter using the generalized cross validation criterion [25] . The penalized spline model was chosen to better capture the association in non-linear data, although results were very similar between the log transformed and spline models. Using the spline model we predicted the TB incidence rate for the mean BMI for each quartile in 2005 in our study population (BMI range 16.59 kg/m 2 to 25.06 kg/m 2 [16] ), and then estimated the following relative risks for BMI quartiles one to three-compared to the fourth quartile: 4.95, 3.00 and 2.25 ( Table 3 ). The 95% confidence intervals of risk estimates were calculated using a bootstrap method.
Scenarios of reduced under-nutrition
Given the complex social determinants involved in reducing under-nutrition, stakeholders suggest that multi-sectoral approaches supported by high-level political commitment will be Primary progression rate for fourth quartile(see Table 3 for rates by BMI strata) 0.03/yr 0.0225-0.0375 [50] [51]
Reactivation rate for fourth BMI strata(see Table 3 for rates by BMI strata) [27] . They have continued to support the Indian Mid-day Meals program in schools, initially implemented in 2002 and now reaching 120 million children nationally, it is considered to be one of the most wide reaching and successful interventions by the Indian Government in recent years. The program was recently evaluated and shown to have led to significant gains for families that have suffered have from drought [28] . Most recently, in 2013, India passed a National Food Security bill that legislates the provision of subsidized food grains to approximately two thirds of India's 1.2 billion people [29, 30] . This bill also designates women as heads of household empowered to hold ration cards. Other national multi-sectoral initiatives recently undertaken in India include the "Multi-Sectoral Nutrition Programme to Address Maternal and Child Under-nutrition" [31] which will implement core nutritional interventions in 200 high burden districts. More information on the most important nutrition sensitive and specific factors in India is provided in the technical appendix (S1 File).
For our nutritional scenarios, we constructed several possible scenarios that represent a range of policies and programs designed to reduce the prevalence of under-nutrition based on the recent experience and observed trends in different countries (Table 4 and S1 File). Scenarios were selected based on achievements that have been made in three case study countries (Bangladesh, Ghana and Vietnam) that are part of the SUN movement. These three countries are amongst those that have demonstrated government commitment to tackling under-nutrition at a country level, have developed successful nutrition sensitive and/or specific programs and have shown a sustained improvement in both nutritional related as well as more general development related indicators.
In scenario 1, we assume no improvement in the current prevalence of under-nutrition consistent with the pattern of under-nutrition in adults in India observed between the DHS in 1998 and 2005 [16] , the observed decline in BMI in men in during this period [32] [33] , as well as the lack of change in stunting and wasting in children in India between 1992 and 2005 [16] . In scenario 2, we assume reductions based on the experience of Bangladesh, which began by strengthening its political commitment to combat under-nutrition with the implementation of policies such as the National Food and Nutrition Policy in 1997 and implementing country level nutrition programs such as the prevention and treatment of moderate malnutrition program in pre-school age children [12] . In scenario 3, we assume deeper reductions consistent with those observed in Vietnam where a National Plan of Action for Nutrition was first introduced in 1995. In Vietnam, specific programs that have been implemented include complementary feeding promotion and nutritional counseling for mothers of infants and young children [12] . In scenario 4, we assume reductions consistent with the best empirical case based on the experience of Ghana which has a long history of government commitment to under-nutrition, including initiatives such as the National Plan of Action on Food and Nutrition (1995) (1996) (1997) (1998) (1999) (2000) . Many wide reaching nutrition programs have been implemented in Ghana including food distribution to food insecure households, conditional cash transfer programs, as well as programs that focus on the promotion of food security and agriculture [12] . This scenario is considered an under-nutrition elimination scenario as less than 5% of the population remained in the lowest BMI strata after 20 years; and finally in scenario 5, we model improvements to under-nutrition as we have described in scenario 2 but also consider further improvements to the TB treatment program beyond those predicted by current trends (up to 97% treatment success by 2030 versus 87% in other scenarios).
Model Modifications for Scenarios of Reduced Under-nutrition
Limited data are available on expected changes in adult BMI in response to nutritional interventions. To estimate future trends in BMI under each nutritional intervention scenario, we used an indicator of improving nutrition from each of the case study countries-the change in the proportion of the population classified as malnourished (falling below minimum level of dietary energy consumption) as reported by the Food and Agriculture Organization of the United Nations (FAO) [4] . For each nutritional intervention scenario (summarized in Table 5 ), we allowed the modeled population to transition between BMI categories based on the annual rates of change in the prevalence of under-nourishment reported by the FAO between 1990 and 2010 (as shown in Table 4 ). The proportion of the population in the higher BMI strata thus increases over time, however mean BMI values for each strata do not change and are based on 2005 DHS data.
Sensitivity Analysis
We conducted sensitivity analysis by sampling from a uniform distribution for each parameter.
Where possible, ranges of values from the literature or 95% confidence intervals around parameters were used to define distributions. If this information was not available from the literature a range of +/-10% around the point estimate was used. 95% uncertainty ranges are reported as the 2.5 th and 97.5 th percentiles of results from 1000 trials.
Results
If the current level of TB case detection is maintained and outcomes continue to improve at the current pace, TB incidence and mortality in the Central Eastern States of India is expected to decline (Fig 2) over20 years from 289 (95% UR 108, 590) per 100,000 in 2011 to 116 (95% UR 20, 464) per 100,000 in 2030 and from 110 (95% UR 45, 207) per 100,000 to 46 (95% UR 8, 54) per 100,000 respectively, even in the absence of any observed reduction in under-nutrition. This translates to expected TB incidence and TB related mortality rates in the lowest BMI strata of 177 (95% UR 28, 694) per 100,000 and 71 (95% UR 12, 276) per 100,000 respectively in 2030, compared to 54 (95% UR 9, 210) per 100,000 and 21 (95% UR 4, 77) in the highest BMI strata. Table 6 shows estimated reductions in the TB incidence rate by 2030 under the different scenarios of improved nutritional status; these range from 43% (reduced to 66 (95% UR 14, 275) per 100,000) for more modest reductions in under-nutrition (scenario 2) to 60% (reduced to 46 (95% UR 8, 188) per 100,000 in scenario 3 and 71% (reduced to 33 (95% UR 7, 140) per 100,000) in the scenario where under-nutrition is eliminated (scenario 4). Reductions to the TB related death rate (Table 7 ) are expected to be of similar magnitude; 40% (reduced to 27 (95% UR 5, 96) per 100,000) with scenario 2, and as high as 68% (reduced to 15 (95% UR 3, 53) per 100,000) for the elimination scenario (scenario 4). Tables 8 and 9 show the absolute Over the 20 years of the modeled intervention, we estimate that 4.8 (95% UR 0.6, 17.1,) million cases and 1.6 (95% UR 0.5, 5.2) million deaths could be averted with scenario 2 while 7.3 (95% UR 1.2, 22.2) million cases and 2.9 (95% UR 0.5, 7.1) million deaths could be averted in scenario 3 and, 9.4 (95% UR 1.5, 30.6) million cases and 3.2 (95% UR 0.7, 10.1) million deaths could be averted with scenario 4 (Table 10) .
We also considered the impact of these interventions in the setting of concurrent improvements to the TB program (scenario 5) (Tables 6 and 7) . In this scenario, TB incidence in 2030 improved marginally relative to scenario 2, to 59 (95% UR 10, 232) per 100,000. Similarly, TB mortality in 2030 only decreased by a small amount relative to reductions achieved in scenario 2. As shown in Fig 2, attempts to reduce TB incidence through simultaneous improvements in both under-nutrition and TB treatment programs are predicted to achieve very little relative to the impact that can be achieved by focusing exclusively on under-nutrition.
Discussion
These results suggest that intervening on under-nutrition could have a substantial impact on TB mortality and incidence in LMIC with a high burden of under-nutrition. Even if interventions lead to relatively small reductions in under-nutrition, close to 5 million cases and 1.6 million deaths could be averted in the Central Eastern States of India over a twenty-year period of sustained improvements in nutrition. This finding adds to the growing literature that demonstrates that substantial gains could be achieved toward reducing TB rates by intervening on risk factors that also underlie other conditions and that increase early mortality [34] [9] . A recent study from Odone et al. [35] reported that complete eradication of under-nutrition globally would lead to a further decline in TB incidence of 18% by 2035 relative to their base case. These projections are more conservative than what we report, possibly because this study focused on global changes rather than on a specific sub-population with a very high risk of under-nutrition. In India, where high rates of under-nutrition persist among the poor, interventions directed at under-nutrition could have a substantial effect on the TB epidemic. However, the question of how nutritional programs will be shaped and funded in India remains. In the past several decades improvements to nutrition related determinants have been slow, and political commitment to targeted programs have been inconsistent. However, recent evidence suggests that a more substantial political commitment is being made to under-nutrition. For any gains in under-nutrition to be realized, an appropriate country specific approach or program would have to be carefully developed and implemented, requiring both sustained political support and dedicated funds [36] . For interventions to have a substantial and far reaching impact, evaluation of feasibility and scalability of relevant interventions across different regions of India would be required. In addition, the cost effectiveness of implementing nutritional interventions, which was not included in our analysis, would need to be carefully considered as part of the program selection process in India.
Targeting under-nutrition and adult BMI could be expected to have an impact on TB cases and deaths in many other settings; of the 22 high TB burden countries with data on rates of under-nutrition, almost 60% are included in the 50 countries with the highest burdens of undernourishment [4] . For example, Ethiopia, Mozambique and Tanzania all rank within the 10 countries with the highest prevalence of under-nutrition, with proportions of under-nutrition The declines in TB incidence estimated in this study parallel the experience of many Western countries during the last century [37, 38] . For example, TB incidence and mortality fell by 5.4% per year in the Netherlands between 1910 and 1940 [37, 38] and these reductions occurred prior to the introduction of treatment or the wide-spread use of BCG vaccine. McKeown and others have proposed that social and economic changes that led to reduced overcrowding and improved nutritional status were responsible for the rapid decline in TB outcomes in the absence of effective intervention [38] [37, 39] [40] . The 2%-5% per year reduction in TB incidence between 2010 and 2030 (calculated from data shown in Fig 2) that we have estimated in the poorest regions of India is consistent with the hypothesis that much of the decline in TB incidence experienced in countries like the Netherlands and the United Kingdom during the prechemotherapy era may have been attributed to improvements in nutrition.
Our study has several limitations. First, we modeled under-nutrition in isolation of other social determinants and risk factors in order to understand how the impact of a nutritional program might reduce TB incidence and deaths. Although low BMI is often associated with other risk factors for TB such as biomass fuel use [41] , and micronutrient deficiencies [42] , we believe the risk ratios for the association between BMI and TB derived from published data [6] mostly reflect the impact of BMI rather than the other risk factors with which low BMI is often correlated. Studies included in the systematic review where data was derived to obtain risk estimates used in our study had all controlled for various sets of confounders, and the relationship observed was remarkably consistent across studies, including those that controlled for confounders such as smoking, diabetes, alcohol, crowded living conditions etc. In addition, several of the studies included in the review were carried out in high income countries where confounders such as biomass fuel exposure would be less common [6] . Nevertheless,, we cannot be certain that the impact of these risk factors would not have influenced our projections and reduced the impact of the nutritional inventions we considered in our model. For example, if improving BMI leads to general improved health and increased productivity, other poverty-related risk factors may also be reduced, thereby further lowering TB risk. A thorough understanding of how BMI interacts with many of these associated risk factors would be essential when considering the design of specific interventions aimed at increasing BMI in this setting.
Second, due to the lack of data that links nutritional interventions with increased BMI in adults, we assumed that rates of change in BMI after interventions follow temporal trends from 1990 to 2010 in the proportion of the population that was undernourished as reported by the FAO for the case study countries [4] . Some observational data from small studies suggests that malnourished individuals require approximately 5,000 to 10,000 excess Kcal to gain one kilogram of weight [43] . However, the actual rate at which individuals gain weight over time likely depends on both their initial BMI, body composition and the duration of time over which they have been receiving additional calories [43, 44] . In the absence of more detailed and generalizable data, we made the following simplifying assumptions. First, we assumed that the rate of change in adult BMI during an intervention remains constant over time, and second, we assumed a homogeneous effect across the population, that is not dependent on initial BMI. These assumptions could mean that our estimates of the impact of nutrition related interventions have been over estimated, although without further information on both our study population, and the type of intervention that we are assuming, the specific effect is difficult to predict. We also may have exaggerated the impact of nutrition related interventions if poor nutrition in childhood has lifelong effects that cannot be remedied with further nutritional supplementation later in life. However, although evidence suggests that children who are stunted tend to grow up to be stunted as adults, a window exists during adolescence when some height deficit can be made up [45] . Beyond this period, the height of adults is not likely to change, but it is most likely that additional food will increase the weight of adults, which will in turn increase BMI, as we have assumed in our scenarios.
Third, we assumed that mixing in the population in all four BMI strata occurred at random. In reality, assortative mixing of individuals is more likely, which would likely further amplify the impact of scenarios considered. Fourth, data on trends in TB incidence over time were only available at a national level. If trends differ at a sub-national level, then some bias could result in our projections. Finally, there is ongoing uncertainty about the future role of the private sector in TB control in India. We have therefore assumed that the treatment success rate improved gradually over time, but that the case detection rate remained constant for the duration of the interventions. Although it is possible that case detection will improve in the public sector, the private sector continues to be heavily used in India and minimal improvements to physician practices in the private sector have been noted in recent years [46, 47] [48], meaning that our estimates for improved treatment success used in all scenarios may be overly optimistic.
Other modeling studies have considered nutritional changes in India [33, 49] and globally [35] and have highlighted the dual burden of both under-nutrition and Diabetes Mellitus (DM) on TB risk, suggesting that DM is an important driver of the burden of TB in the general population. In our study, we did not extend our model to include DM because our analysis was restricted to the poorest states in India, with mean BMIs of 20.6 kg/m 2 and thus, even with interventions aimed at increasing BMI, this population is at low risk of developing DM later in life. Furthermore those with high BMI who do not develop DM are at substantially reduced risk for TB, thereby mitigating any effect of increasing DM risk [6] .
There is now ample evidence from SUN countries that long-term political commitment as well as direct investment in targeted health and health related programs can lead to sustained change through many different nutrition specific and or sensitive programs. As global momentum related to under-nutrition continues to increase it remains to be seen if a sustained commitment can be made to combat under-nutrition in India. We predict that in India, nutrition could be a very worthwhile area for investment-both from the perspective of TB control, as well as the many other diseases affecting populations living in poverty, that are affected by nutritional status and the availability of food. 
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